The average concentrations of 226Ra and 228Ra in the water in hot springs in and around metropolitan Tokyo were 39 mBq L-1 and 55 mBq L-1 for NaCI-type water and 0.6 mBq L-1 and 0.8 mBq L-1 for simple alkaline-type water, respectively. From the chemical characteristics, the hot spring waters from the Kazusa and Miocene formations are classified as NaCl and that from the Shimanto and Chichibu formations is simple alkaline. This indicates that the concentrations of Ra isotopes are high for the NaCl type and low for the simple alkaline type and are correlated with the relevant sedimentation layer from which the hot spring water is welled up. Good correlation was observed for the ratios in the concentrations of Ra/Na and Ra/Cl in both types of hot spring water. The correlation patterns of Ra/Na and Ra/Cl for the simple alkaline type and sedimentary rock were different from those for the NaCl type and seawater, suggesting that the origin of the Ra isotopes may be different. The 228Ra/226Ra activity ratio was found to be related with Si concentration , showing that the activity ratio decreased with an increase of H2SiO3 for both the NaCl and the simple alkaline type. Assuming that the Ra isotopes in hot spring water were supplied from the relevant rock in the aquifer together with Si, the activity ratio of 228Ra/226Ra in hot spring water might be different between the NaCl and simple alkaline type, suggesting that the (228Ra/226Ra)t=0 activity ratio for residence time at t = 0 might be different for the two types.
Introduction
As 226Ra and 228Ra are progenies of 238U and 232Th, respectively, the concentrations of 226Ra and 228Ra in the water of hot springs is basically dependent on the U and Th content in the source rock of the aquifer. Since 230Th and 232Th, which are parents of 226Ra and 228Ra, are supposed to be insoluble in neutral alkaline-type hot spring water, 226Ra and 228Ra in the water are supplied from the relevant rock in the aquifer into the water by geochemical leaching and by a-recoil ejection from the Th isotopes. Assuming that the leaching efficiencies of 226Ra and 228Ra from the relevant rock into the hot spring water is equivalent, the variation of the concentrations of Ra isotopes in hot spring water might depend on the residence time of the hot spring water or the mixing ratio of waters of different origins. Thus, the concentrations of 226Ra and 228Ra and the 228Ra/226Ra activity ratio are considered useful tracers of the hydrological aspects of hot spring water. This paper deals with three investigations regarding Ra isotopes in the hot spring water of metropolitan Tokyo: (1) correlation of 226Ra and 228Ra in hot spring water with relevant rock in the aquifer from which the hot spring water is derived, (2) correlation of the concentration of Ra isotopes with major chemical components, and (3) the correlation of the 228Ra/226Ra activity ratio with the concentration of H2SiO3.
2. Experiments 2.1. Sampling sites. Figure 1 shows the sampling sites of the hot springs and the geology of the studied areas. The hot springs in metropolitan Tokyo are grouped into three localities: (1) the core metropolitan area, (2) the Tama area, and (3) the Okutama area. The chemical characteristics of the water from the hot springs have been classified into (1) NaCl and NaHCO3 types for the core metropolitan area, (2) NaCl and NaHCO3 types for the Tama area, and (3) the simple alkaline type for the Okutama area. The evaporated residual materials of the hot spring water ranged from 98 to 580 mg L-1 for the Okutama area, 150 to 2053 mg L-1 for the Tama area, and 2,000 to 32,050 mg L-1 for the core metropolitan area. This means that the chemical components in the hot spring water in the core metropolitan area are more abundant than those in the Okutama area. K. Mg. and Ca in the hot spring water were determined by ICP-AES, ICPS7500 (Shimadzu Co. Ltd.). The analytical lines used for the ICP-AES measurements were 588.995 nm for Na, 766.491 nm for K, 279.553 nm for Mg. and 393.366 nm for Ca. Alternatively, the concentration of Cl was determined by ion chromatography, IC-7000 (Yokogawa Co. Ltd.) with an Excelpak ICS-A23 anion-exchange resin column. The analytical conditions for Cl were 3.0 mM of Na2CO3 for the eluent and 15 mM of H2SO4 for the regenerating solution. The elution speed of the sample water was 1.0 mL min-1.
The concentrations of the major elements of hot spring water from Heiwajima-kurhaus, Kamata. Kannon-no-yu, Nomekoino-yu, Matsu-no-yu, and Tsuru-no-yu and the Si concentration were referred to the notice board of the chemical constituents for each hot spring. The chemical components were assumed constant from the day of determination of the major chemical components to our sampling day. Table 1 lists the concentrations of 226Ra and 228Ra in the hot spring waters classified by chemical constituent and depth of borehole.
The concentrations of Ra isotopes in the hot spring waters ranged from 0.3 to 84 mBq L-1 for 226Ra and from 0.2 to 104 mBq L-1 for 228Ra, respectively. The average concentrations were 39 mBq L-1 for 226Ra and 55 mBq L-1 for 228Ra in the NaCl type (n = 5) and 0.6 mBq L-1 for 226 Ra and 0.8 mBq L-1 for 228Ra in the simple alkaline type (it = 5). This indicated that the Ra isotope concentration in the NaCl-type hot spring was 70 times greater than that in the simple alkaline type.
Hot springs are generally classified into two groups: (1) nonvolcanic hot springs (fossil seawater or deep underground water) and (2) volcanic hot springs. The hot springs in the core metropolitan and Tama areas were reported to be non-volcanic hot springs; those in the eastern part of Yamanashi prefecture near the Okutama area were either non-volcanic or volcanic hot springs. Figure 2 shows the geology and the depth of the bore- holes of the hot springs at Kanroji and Kaizuka. The Kazusa and Miocene formations are relevant sedimentation layers for Oyedo-onsen-monogatari, Heiwajima-Kurhaus, Setasanga-no-yu. Jindaiji-yukari, and Kannon-no-yu whereas the Shimanto and Chichibu formations are relevant for Nomekoino-yu, Tsuru-no-yu, Matsu-no-yu, Kosuge-no-yu, and Yasuragi-no-yu.
The chemical characteristics of the Kazusa and Miocene formations are the NaCI type whereas the Shimanto and Chichihu formations are the simple alkaline type, indicating that different concentrations of Ra isotopes exist in the different aquifers from which the hot spring water is welled up. Seki sedimentation layer, the hot spring water from the Kazusa group and the Narita group in the Kanto plain may contain a high level of Ra isotopes, as observed in the present study. The concentrations of Ra isotopes in three areas of underground water in Mobara, Chiba prefecture, in the eastern part of the Kanto plain along the coast of the Pacific Ocean were measured to be as high as those in the core metropolitan area. Details concerning the Mobara observation will be given elsewhere.
3.2. Correlation of Ra concentration and chemical constituents.
The concentrations of 226Ra and 228Ra in hot spring waters increased with an increase in the concentrations of Cl, Na, and Ca, as shown in Figure 3 . Figure 4 shows the correlations between the observed concentrations of 226Ra and 228Ra, and among Na, K, Ca, Mg, and Cl. The concentrations of the Ra isotopes for the NaCl type increased with an increase in the concentrations of K, Mg, Na, Ca, and Cl, while those for the simple alkaline type increased with an increase in the Na concentration, but decreased with an increase in the concentrations of K, Mg, Ca, and Cl. Figures 5(a) Figure   5 (a). 
Conclusion
The concentrations of 226Ra and 228Ra in the hot spring water from metropolitan Tokyo suggested that:
(1 (2) Although the concentration ratios of [Ra/Na] and [Ra/Cl] in hot spring waters showed good correlation, those for the simple alkaline type and sedimentary rock were different from those for the NaCl type and seawater, suggesting that the origin of the Ra isotopes for the simple alkaline type is different from that for the NaCl type.
(3) The 228Ra/226Ra activity ratio decreased with increasing H2SiO3 concentration for both the NaCl and simple alkaline types. Assuming that the Ra isotopes were leached from the relevant sediment rock together with Si, (228Ra/226Ra)t=0 for the simple alkaline-type hot spring water might be different from that of the NaCl-type hot spring water.
